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Abstract 

The  corrosion  resistance  of  Al-Fe  coatings  increases  as  a  protective  LiA102  layer  forms.  If,  however,  the  Al-Fe  coatings  lack  sufficient 
aluminium  for  maintaining  this  protective  layer,  the  corrosion  resistance  of  the  coating  is  degraded  by  the  growth  of  non-protective  scales, 
such  as  LiFe02.  In  this  study,  the  degradation  behaviour  of  Al-Fe  coatings  is  investigated  in  the  wet- seal  environment  of  molten  carbonate  fuel 
cells  (MCFC).  Al-Fe  coated  specimens  with  various  amounts  of  aluminium  in  the  range  8-70  at.%  and  bulk  specimens  of  Fe-23.9  A1  (at.%) 
are  prepared.  A  corrosion  test  is  performed  in  Li/K  carbonate  systems  at  650  °C  with  a  single-cell  and  an  immersion  test.  Test  results  reveal 
that  aluminium  contents  in  the  coatings  should  be  higher  than  25  at.%  in  order  to  form  and  maintain  a  protective  LiA102  layer.  In  addition  to 
aluminium  content,  the  influence  of  microstructural  features  on  the  degradation  behaviour  of  Al-Fe  coatings  is  discussed. 
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1.  Introduction 

Corrosion  of  separator  plates  in  molten  carbonate  fuel  cells 
(MCFC)  is  one  of  the  major  problems  that  hinder  long-term 
performance  of  the  cells.  In  particular,  the  wet-seal  area  of  the 
separator  plates — in  direct  contact  with  molten  carbonate  at 
650  °C — undergoes  the  most  severe  corrosion  [1].  The 
separator  plates  are  usually  made  of  stainless-steels,  such 
as  AISI 3 16L  or  AISI 3 10S.  Previous  studies  have  shown  [1,2] 
that  these  stainless  steels  corrode  very  rapidly  in  wet-seal 
environments  and  therefore,  cannot  meet  the  durability 
requirement  of  40,000  h  for  commercial  MCFC  applications. 

It  is  an  established  fact  that  wet-seal  materials  should 
satisfy  several  requirements,  which  include  high  corrosion 
resistance,  a  high  melting  point,  no  electrical  conductivity, 
and  no  dissolution  in  molten  carbonate  [3,4^ .  LiA102  may  be 
a  suitable  material  to  meet  these  requirements  and,  conse¬ 
quently,  aluminium-containing  alloys  or  aluminium  coat¬ 
ings  have  been  developed  [5-10].  The  aluminium  source  in 
alloys  or  coatings  can  react  with  molten  carbonate  and  form 
a  protective  LiA102  layer  on  the  surface  during  MCFC 
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operation.  It  has  been  reported,  that  a  small  addition  of 
aluminium  is  beneficial  for  the  corrosion  resistance  of 
stainless  steels  [5,6].  Nevertheless,  the  usage  of  alumi¬ 
nium-containing  alloys  is  generally  restricted  by  a  limited 
amount  of  aluminium  in  alloys  and  poor  mechanical  proper¬ 
ties.  A  more  practical  approach  in  developing  suitable  wet- 
seal  material  is  the  application  of  an  aluminium  coating 
followed  by  diffusion  heat  treatment.  The  heat  treatment 
process  is  applied  in  order  to  transform  pure  aluminium 
coating  layers  into  Al-Fe  coating  layers,  which  may  contain 
various  phases,  such  as  Al3Fe,  Al5Fe2  and  AlFe  depending 
on  the  substrate  material  and  the  conditions  of  the  heat- 
treatment  process.  Many  researchers  have  reported  that  Al- 
Fe  coatings  have  a  high  corrosion  resistance  against  molten 
carbonate  [7-10].  There  are,  however,  still  some  doubts  as  to 
whether  Al-Fe  coatings  maintain  their  protective  function 
over  an  extended  lifetime  of  40,000  h  [11,12].  Moreover, 
few  studies  have  examined  the  lifetime  of  coated  separators 
for  application  in  MCFCs.  In  order  to  develop  more  reliable 
wet- seal  materials  which  have  sufficient  corrosion  resis¬ 
tance,  a  closer  examination  of  the  corrosion  behaviour  of 
Al-Fe  coatings  is  required. 

The  purpose  of  this  study  is  to  establish  a  better  under¬ 
standing  of  the  corrosion  behaviour  of  Al-Fe  coatings  in  the 
wet- seal  area  of  the  MCFC.  Attention  is  directed  towards 
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focusing  on  the  influence  of  micro  structure  and  aluminium 
content  on  the  degradation  behaviour  of  Al-Fe  coatings.  In 
this  investigation,  aluminium-coated  separators  are  made  by 
electron  beam  evaporation  and  are  examined  by  operating 
single-cells  at  650  °C  to  observe  the  corrosion  behaviour  of 
the  coated  separators.  To  confirm  the  results  obtained  from 
a  single-cell  test,  various  Al-Fe  coated  specimens  and  a 
bulk  specimen  are  prepared  for  an  immersion  test,  and  the 
influence  of  aluminium  content  on  the  development  of  a 
stable  LiA102  layer  is  investigated  in  a  Li/K  carbonate  melt 
at  650  °C. 


2.2.  Al-Fe  coated-  and  Al-Fe  bulk- specimens 

Four  Al-Fe  coated  specimens  containing  various  amounts 
of  aluminium  (viz.  Fe-8  Al,  Fe-15  Al,  Fe-25  Al  and  Fe-36 
Al  (at.%))  were  prepared  by  using  a  single-source  evapora¬ 
tion  method  [13].  In  order  to  make  a  comparison  with  the 
coated  specimens,  a  cast  specimen  of  Fe-23.9  Al  (at.%) 
alloy  was  prepared,  cast  by  arc  melting,  followed  by  homo¬ 
genising  treatment  at  1000  °C  for  5  h. 

2.3.  Single-cell  test  and  immersion  test 


2.  Experimental  procedures 

2.1.  Aluminium-coated  separator 

Commercial  stainless-steel  AISI  316L  was  used  as  a 
separator  substrate,  and  the  anode  wet-seal  area  was  selec¬ 
tively  coated  with  aluminium  by  an  evaporation  process.  A 
schematic  diagram  of  the  aluminium-coated  separator  plate, 
which  has  a  cell  area  of  100  cm  ,  is  shown  in  Fig.  1.  In  the 
evaporation  process,  aluminium  grains  were  placed  in  an 
alumina  crucible  and  vaporised  by  heat  generated  from 
an  electron-beam  gun.  The  separator  plate  was  held  at 
350  °C  and  the  working  pressure  was  maintained  below 
5  x  10-5  Torr.  The  deposition  rate  was  controlled  near 
100  A  s  .  The  measured  thickness  of  the  aluminium 
coating  layer  was  approximately  30  pm.  Subsequently, 
the  aluminium-coated  separator  was  heat-treated  at 
700  °C  for  3  h  in  an  atmosphere  of  20%  H2-80%  N2.  After 
heat-treatment,  the  surface  aluminium  concentration  was 
approximately  70  at.%. 
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Fig.  1.  Schematic  diagram  of  aluminium-coated  separator  for  MCFC 
single-cell. 


In  the  single-cell  test,  the  aluminium-coated  separator  was 
put  in  a  single-cell,  which  was  operated  at  650  °C  under  a 
constant  load  of  150  mA  cm-2.  For  the  gas,  72%  H2-18% 
CO2-10%  H20  and  70%  air-30%  C02  were  supplied  for  the 
anode  and  the  cathode,  respectively.  A  total  of  62  mol% 
Li2C03-38  mol%  K2C03  in  a  LiA102  matrix  served  as  the 
electrolyte.  After  conducting  the  single-cell  test  for  2500  h, 
the  corrosion  products  and  the  coating  layer  were  analysed  by 
scanning  electron  microscopy  (SEM),  back- scattered  electron 
microscopy  (BEM),  X-ray  deflection  (XRD),  and  electron 
probe  microanalysis  (EPMA).  The  corrosion  kinetics  of  the 
aluminium-coated  separator  were  determined  by  measuring 
scale  thickness  in  metallographic  cross-sections.  In  addition 
to  the  single-cell  test,  an  immersion  test  was  conducted  to 
investigate  the  effect  of  aluminium  content  on  the  corrosion 
behaviour  of  Al-Fe  coatings.  The  Al-Fe  coatings  and  the 
Fe-23.9  Al  (at.%)  alloy  were  fully  immersed  in  a  eutectic  Li/ 
K  carbonate  melt  (62  mol%  Li2C03-38  mol%  K2C03)  at 
650  °C.  Following  the  immersion  test,  the  corrosion  products 
formed  on  the  coated  specimens  and  the  bulk  specimen  were 
identified.  The  corrosion  kinetics  of  the  Fe-23.9  Al  alloy  was 
also  examined  by  measuring  weight  changes  with  respect  to 
immersion  time. 


3.  Results  and  discussion 

3.1.  Degradation  behaviour  of  aluminium- coated 
separator  (single-cell  test) 

The  single-cell  test  was  performed  to  explore  the  corro¬ 
sion  behaviour  of  the  aluminium-coated  separator  in  the 
MCFC  wet-seal  environment.  The  scale  thickness  data  of  the 
uncoated  separator  (AISI  316L)  and  the  aluminium-coated 
separator  in  terms  of  operation  time  are  shown  in  Fig.  2.  It 
was  clearly  demonstrated  that  the  corrosion  rate  of  the 
aluminium-coated  separator  was  much  lower  than  that  of 
uncoated  versions.  After  2500  h  of  operation  time,  the  scale 
thickness  of  the  uncoated  separator  was  approximately 
50  pm,  while  that  of  the  aluminium-coated  separator  was 
approximately  8  pm.  The  aluminium-coated  separator 
formed  only  LiA102  as  its  corrosion  product,  whereas 
two  different  corrosion  products  formed  on  the  uncoated 
separator.  Both  products  consisted  of  two  layers,  an  outer 
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Fig.  2.  Scale  thickness  of  AISI  316L  and  aluminium-coated  AISI  316L  after  various  operation  times  with  single-cells. 


layer  of  LiFe02  and  an  inner  layer  of  LiCr02.  Test  results 
confirmed  that  an  aluminium  coating  enhances  the  corrosion 
resistance  of  AISI  316L  by  the  formation  of  a  protective 
LiA102  layer.  It  is  well  known,  that  aluminium  is  oxidised  to 
form  stable  oxides,  such  as  LiA102  or  A1203  in  molten  Li/K 
carbonates.  Possible  oxidation  reactions  of  the  aluminium 
are  as  follows  [14]: 

Al  +  Li+  +  2C032“  -►  LiA102  +  2C02  +  3e“  (1) 

2A1  +  302“  -►  2A1203  +  6e“  (2) 

where  the  oxide  ions  are  supplied  by  the  dissociation  of 
carbonate  ion  (CO32-  — ■»  C02  +  02~),  or  by  the  gas  dis¬ 
solved  in  the  molten  carbonate. 


As  described  above,  the  aluminium  coating  provided 
higher  corrosion  resistance.  On  the  other  hand,  if  the  coating 
layer  (i.e.  Al-Fe  phases)  lacks  sufficient  aluminium  content 
for  the  formation  of  a  stable  LiA102  layer,  it  may  form  non- 
protective  iron  oxides.  This  is  due  to  fact  that  LiA102 
formation  on  Al-Fe  coatings  is  contingent  on  aluminium 
content.  This  possibility  is  shown  in  Fig.  3.  First  of  all,  the 
coating  layer  in  the  region  marked  as  Cl  in  Fig.  3  is 
characterised  by  uneven  scale  morphology  that  results  from 
localised  attack  of  the  coating  surface  and  growth  of  corro¬ 
sion  products  inside  the  coating  layer.  Such  corrosion  beha¬ 
viour  at  the  surface  is  thought  to  be  associated  with  rough 
surface  texture,  inhomogeneous  composition  distribution, 
and  micro  structural  defects.  A  back  scattered  election  image 


Fig.  3.  Cross-sectional  image  of  aluminium-coated  separator  after  2500  h  of  operation,  showing  a  corrosion  sequence  of  coating  layer  degradation. 
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Fig.  4.  Surface  image  of  sample  polished  to  approximately  10  pm  from  top  surface  of  aluminium-coated  separator  after  2500  h  operation. 


is  shown  in  Fig.  4  of  the  sample  that  was  polished  to  about 
10  pm  from  the  top  surface  of  the  aluminium-coated  separa¬ 
tor  after  2500  h  of  operation.  Corrosion  products  are  still 
observed  even  inside  the  coating  layer,  which  appears  to  be 
connected  with  the  presence  of  pores.  In  addition,  different 
shades  in  the  image  (Fig.  4)  indicate  that  the  surface  lacks 
homogeneous  composition.  In  fact,  the  chemical  composi¬ 
tions  of  point  A  of  and  point  B  were  analyzed  by  EDS  as  47.2 
Al-41.1  Fe-7.5  Cr-4.2  Ni  and  64.9  Al-30.1  Fe-3.8  Cr-1.2 
Ni  (at.%),  respectively,  which  may  provide  an  indication  that 
the  top  part  of  the  coating  layer  is  mixed  with  FeAl  phase 
and  Fe2Al5  phase.  These  surface  properties  are  dependent  on 
aluminium-coating  methods  and  the  diffusional  interaction 
between  coating  and  substrate  during  the  heat-treatment 
process  and  MCFC  operation  [9,10,15]. 

Due  to  the  coating  surface  features  discussed  above, 
carbonate  salt  erodes  the  coating  layer  in  region  Cl 
(Fig.  3),  which  results  in  the  loss  of  its  outer  portion. 
Consequently,  this  could  lead  to  a  thin  coating  layer  like 
region  C2  in  Fig.  3.  Because  the  coating  layer  in  region  C2  is 
thinner  than  normal  coating  layers,  the  aluminium  surface 
concentration  is  certainly  lower.  Chemical  compositions  at 
points  #1  to  #3  in  Fig.  3  were  measured  by  EDS,  with  results 
listed  in  Table  1.  The  aluminium  concentration  is  21.2  at.% 
at  point  #3  and  41.5  at.%  at  point  #1.  It  is  necessary  for 
the  coating  layer  to  retain  a  sufficient  content  of  aluminium 
to  form  a  protective  scale,  such  as  LiA102,  as  well  as  to 


Table  1 

EDS  quantitative  analysis  at  sites  of  #1,  #2  and  #3  in  Fig.  3  after  2500  h 
operation  of  single-cell  (at.%) 


Position  (#) 

Al 

Fe 

Cr 

Ni 

1 

41.5 

46.4 

8.2 

3.9 

2 

34.3 

50.0 

8.8 

6.9 

3 

21.2 

52 

12.6 

14.3 

maintain  growth  during  the  coating  lifetime.  In  this  respect, 
region  C2  may  act  as  a  position  where  iron  oxides  can  be 
formed  instead  of  LiA102.  This  is  shown  in  region  C3  in 
Fig.  3.  As  corrosion  progresses,  the  iron  oxides  increase  in 
size,  and  oxygen  can  even  penetrate  through  the  scale  and 
coating  layer  into  the  substrate,  as  shown  in  Fig.  5. 

On  the  other  hand,  voids  are  observed  primarily  at  the 
interface  between  the  coating  layer  and  the  substrate,  as 
shown  in  Figs.  3  and  5.  Such  voids  are  able  to  influence  the 
corrosion  behaviour  of  the  coating  layer,  especially  pitting 
corrosion  that  occurs  in  the  final  stage  of  corrosion  degrada¬ 
tion.  In  fact,  the  void  marked  V  (Fig.  3)  can  act  as  a  rapid 
diffusion  site  for  lithium  and  oxygen  ions  and  result  in 
accelerated  degradation  of  the  coating  layer,  as  shown  in 
Fig.  5.  Examples  of  the  void  formation  have  also  been  found 
in  other  studies  [16,17],  and  such  voids  might  be  generated 
by  means  of  the  Kirkendall  effect  [17,18].  According  to 
Fujimoto  et  al.  [16],  the  area  fraction  of  voids  increases  over 
time  and  can  reduce  the  corrosion  resistance  of  the  Al-Ni 
coating  layer  in  MCFC  wet-seal  environments. 

In  order  to  understand  better  the  degradation  behaviour  of 
the  coating  layer,  an  investigation  of  the  phases  formed  in 
the  coating  layer  was  conducted  over  2500  h.  Two  isother¬ 
mal  sections  at  650  °C,  based  on  Al-Fe-Cr  [19]  and  Al-Fe- 
Ni  ternary  phase  diagrams  [20]  are  shown  in  Fig.  6a  and  b, 
respectively.  The  chemical  compositions  of  points  #1  to  #3 
(Fig.  3)  are  expressed  by  omitting  Ni  in  the  Al-Fe-Cr  phase 
diagram  and  omitting  Cr  in  the  Al-Fe-Ni  phase  diagram. 
First,  point  #1,  which  corresponds  to  one  of  the  upper  parts 
of  the  coating  layer  (Fig.  3),  is  located  in  the  two-phase  field, 
a2(FeAl)  and  (Cr,  aFe),  in  the  ternary  Fe-Al-Cr  system  or  in 
the  one  phase  field,  a((FexNi1_JAl1_>;),  in  the  ternary  Fe- 
Al-Ni  system.  Therefore,  it  is  concluded  that  the  site  con¬ 
sists  of  an  FeAl  phase  with  a  small  amount  of  nickel  and  a 
(Cr,  aFe)  phase.  Second,  point  #2,  which  corresponds  to  one 
of  the  lower  parts  of  the  coating  layer  (Fig.  3),  is  also  found 
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Fig.  5.  Cross-sectional  image  and  EPMA  mapping  of  Al,  Fe,  and  O  for  aluminium-coated  separator  after  2500  h  of  operation,  showing  pitting  corrosion 
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Fig.  6.  Phase  diagrams  of  Al-Fe-Cr  and  Al-Fe-Ni  systems  at  650  °C.  (a)  Al-Fe-Cr  phase  diagram;  (b)  Al-Fe-Ni  phase  diagram 
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Fig.  7.  XRD  analysis  of  various  Fe-Al  coated  specimens  after  immersion  in  Li/K  carbonate  melt  at  650  °C  for  24  h. 


in  the  same  field  as  point  #1,  but  shifts  near  a  new  Fe-side 
phase  field  due  to  the  decrease  in  aluminium  content. 
Finally,  point  #3,  in  the  vicinity  of  where  iron-rich  oxide 
was  observed,  as  shown  in  Fig.  3a,  lies  in  the  one-phase  field 
(Cr,  ocFe)  in  the  Al-Fe-Cr  system  or  in  the  two-phase  field 
P+  5  ocFe  phase  in  the  Al-Fe-Ni  system.  According  to  the 
phase  study  of  the  coating  layer  after  2500  h,  it  is  noteworthy 
that  the  phases  become  more  complex  as  the  coating  com¬ 
positions  are  changed.  Considering,  both  the  corrosion 
resistance  and  the  microstructural  stability  of  the  coating 
layer,  it  is  desirable  for  the  coating  layer  to  keep  one  phase 
such  as  P,  which  has  a  wide  solubility  range  for  Fe,  Ni  and 


Cr.  All  things  considered,  however,  the  fact  is  that  the 
coating  layer  consists  of  either  a  mixture  of  oc2  and  (Cr, 
ocFe)  in  the  ternary  Al-Fe-Cr  system  or  oc  and  5ocFe  in  the 
ternary  Al-Fe-Ni  system.  Regarding  local  corrosion,  such 
complex  phases  could  be  reflected  in  the  degradation 
mechanism  of  the  coating  layer  illustrated  in  Figs.  3  and  5. 

3.2.  Influence  of  aluminium  content  ( immersion  test  I) 

An  immersion  test  was  carried  out  to  examine  the  critical 
aluminium  content  required  for  the  formation  of  a  contin¬ 
uous  protective  LiA102  layer  in  molten  carbonate.  The 


Immersion  time  (hours) 


Fig.  8.  Weight  change  versus  immersion  time  of  a  Fe-23.9  Al  alloy  specimen  in  Li/K  carbonate  melt  at  650  °C. 
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Fig.  9.  Cross-sectional  morphology  and  EDS  line  profiles  across  scales  formed  on  a  Fe-23.9  alloy  specimen  after  immersion  in  Li/K  carbonate  melt  for  16  h 
at  650  °C. 


results  of  XRD  analysis  of  Fe-Al  coated  specimens  after  a 
24  h  immersion  test  in  the  eutectic  Li/K  carbonate  melt  at 
650  °C  are  shown  in  Fig.  7.  The  XRD  results  reveal  that  the 
Fe-8  Al  specimen  shows  sharp  LiFe02  peaks  and  broad  and 
weak  LiA102  peaks.  The  sharp  LiA102  peaks  began  to 
appear  in  the  Fe-18  Al  specimen.  The  intensities  of  LiA102 
peaks  increased  with  increase  in  aluminium  content  in  the 
Al-Fe  coatings.  The  corrosion  products  of  the  Fe-25  Al 
coated  specimen  consist  of  LiFe02,  and  LiA102.  In  addition, 
only  LiA102  peaks  are  observed  for  the  Fe-36  Al  specimen, 
which  indicates  that  the  LiA102  scale  is  formed  completely 
on  the  surface.  The  test  results  show  that  the  aluminium 
contents  required  for  the  formation  of  a  stable  and  protective 
LiA102  in  the  eutectic  Li/K  carbonate  melt  at  650  °C  should 
be  higher  than  25  at.%. 


Many  studies  have  been  conducted  on  the  oxidation 
behaviour  of  iron-aluminum  alloys  in  gaseous  atmospheres 
and  have  revealed  that  a  certain  percentage  of  aluminium  is 
required  to  form  completely  protective  A1203  scales  [21- 
23].  For  example,  according  to  Pint  et  al.  [21],  the  critical 
aluminium  content  required  to  form  completely  protective 
A1203  scales  in  air  is  approximately  20,  18,  14  at.%  at  600, 
700  and  800  °C,  respectively.  Few  studies  have  been 
reported  on  the  corrosion  behaviour  of  aluminium-iron 
alloys,  although  that  of  iron  and  iron-based  alloys  has  been 
extensively  studied  in  molten  carbonate  systems  [24-28]. 
Moreover,  the  corrosion  behaviour  in  the  presence  of  molten 
carbonate  salt  differs  from  that  in  a  simple  gaseous  atmo¬ 
sphere.  With  regard  to  the  effect  of  aluminium  content, 
other  investigations  of  the  corrosion  behaviours  of  Fe-Al 
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Fig.  10.  Cross-sectional  and  surface  morphologies  of  scales  formed  on  a  Fe-23.9  Al  alloy  specimen  after  immersion  test  Li/K  carbonate  melt  at  650  °C  for: 
(a)  24  h;  (b)  48  h;  (c)  72  h  and  (d)  300  h. 


and  Ni-Al  alloys  in  wet-seal  environments  have  been  sur¬ 
veyed.  Zeng  et  al.  [29]  reported  that  an  Fe-Al-B  alloy 
containing  approximately  40  at.%  aluminium  formed  a 
three-layer  scale  which  contained  external  LiFe02,  inter¬ 
mediate  iron  oxides,  and  inner  A1203  after  immersion  in  a 
Li/K  carbonate  melt  at  650  °C  for  100  h.  Frangini  et  al.  [30] 
pointed  out  that  oxide-dispersion  strengthened  (ODS)  Fe-Al 
alloys  containing  approximately  38  at.%  Al  formed  a  thin 
continuous  and  protective  aluminum- oxide  layer,  which 
maintains  a  long-term  corrosion  resistance  in  a  Li/K  carbo¬ 
nate  melt,  but  a  high  C02  gas  content  may  be  detrimental  to 
corrosion  resistance  due  to  pitting  corrosion  along  the  grain 
boundaries  that  correspond  to  the  position  of  the  yttria 
particles.  In  addition,  Vossen  et  al.  [14]  examined  the  corro¬ 
sion  behaviour  of  Ni-Al  alloys  with  aluminium  contents  of  2- 
50  at.%  in  a  Li/K  carbonate  melt  by  electrochemical  tests. 
According  to  their  study  [14],  continuous  Li A102- scales  are 
formed  only  when  the  aluminium  content  is  very  high 
(approximately  50  at.%),  while  NiO  and  aluminium  oxides 
are  formed  on  alloys  containing  20  at.%  aluminium. 

3.3.  Corrosion  behaviour  of  Fe-23.9  Al  alloy 
( immersion  test  II) 

A  bulk  Fe-23.9  Al  (at.%)  specimen  was  selected  with  the 
aim  of  not  only  examining  its  corrosion  behaviour  in  molten 


carbonate,  but  also  verifying  the  test  result  of  the  Fe-25  Al 
coated  specimen.  The  Fe-25  Al  coated  specimen  could  not 
form  an  external  LiA102  in  the  eutectic  Li/K  carbonate 
melt,  as  shown  Fig.  7.  Weight-gain  curves  for  the  cast 
specimen  of  Fe-23.9  Al  in  the  eutectic  melt  at  650  °C  are 
shown  in  Fig.  8.  Scale  growth  showed  parabolic  kinetics 
up  to  about  50  h.  With  further  reaction,  however,  the  Fe- 
23.9  Al  alloy  starts  to  corrode  rapidly  with  larger  weight 
gain,  which  suggests  a  lack  of  development  of  a  stable 
protective  film.  Scattered  data  are  also  shown  in  Fig.  8  and 
are  probably  due  to  spalled  scales.  The  cross-sectional 
morphology  and  EDS  line  profiles  across  scales  which 
formed  on  the  Fe-23.9  Al  alloy  for  16  hare  shown  in  Fig.  9. 
The  Fe-23.9  Al  alloy  formed  a  two-layer  scale,  composed 
of  a  porous  exterior  phase  and  a  dark  inner  phase.  One 
Fe-peak,  one  Al-peak  and  two  distinguishable  O-peaks 
were  observed  by  EDS  analysis,  and  correspond  to  iron- 
rich  and  aluminium-rich  oxides,  respectively,  on  the  sur¬ 
face.  Compared  with  the  results  of  the  XRD  analysis, 
scales  formed  on  the  Fe-23.9  Al  bulk  specimen  might 
be  LiFe02  and  inner  aluminium-rich  oxides  during  the 
initial  stage.  In  spite  the  fact  that  the  scales  on  the  Fe-25 
Al  alloy  after  16  h  contained  an  aluminium-rich  oxide 
layer  at  the  interface  between  LiFe02  and  the  substrate,  the 
Fe-23.9  Al  alloy  displays  breakaway  behaviour  with  rapid 
weight  gain  after  about  50  h. 
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The  exact  corrosion  mechanism  on  the  Fe-23.9  Al  alloy  is 
not  clear,  but  an  examination  of  scale  morphology  (Fig.  10) 
reveals  that  inner  aluminium-rich  oxides  do  not  maintain  a 
reliable  protective  function,  which  implies  that  aluminium 
content  is  insufficient  to  form  a  protective  layer.  After  a  short 
initial  time,  outer  LiFe02  scales,  which  are  porous  and  have 
many  defects  (Fig.  10a),  allow  lithium  or  oxygen  ions  to 
approach  freely  the  inner  aluminium-rich  oxide  layer  and 
penetrate  further  into  the  substrate  (Fig.  10b).  This  may  be 
because  the  inner  layer  is  not  able  to  prevent  lithium  or 
oxygen  ions  from  penetrating  through  defects  in  the  outer 
porous  scales.  This  continued  process  results  in  swollen  and 
convex  type  products  beneath  the  inner  continuous  scales 
and  cracks  in  the  outer  scales  (Fig.  10c).  The  corrosion 
products  are  composed  of  a  mixture  of  iron  and  aluminium 
oxides.  Eventually,  the  scale  surface  morphology  which 
formed  on  the  Fe-23.9  Al  alloy  in  the  eutectic  melt  displays 
characteristics  of  discontinuous  outer  scales,  random  for¬ 
mation  of  nodule-like  scales,  and  partial  spalling  of  the 
scales,  as  shown  in  Fig.  lOd.  These  features  result  in  the 
mass-gain  behaviour  shown  in  Fig.  8. 

4.  Conclusions 

The  degradation  behaviour  of  Al-Fe  coatings  has  been 
investigated  in  a  MCFC  wet- seal  environment  at  650  °C 
using  a  single-cell  test  and  an  immersion  test.  In  the  single¬ 
cell  test,  the  aluminium-coated  separator  exhibits  higher 
corrosion  resistance  than  the  uncoated  separator  due  to 
the  formation  of  a  protective  LiA102  layer  on  the  surface. 
Degradation  of  the  coating  layer  is  initiated,  however,  by 
localised  corrosion,  which  leads  to  a  lack  of  aluminium 
concentration.  Eventually,  non-protective  iron  oxides  form 
instead  of  LiA102,  and  pitting  corrosion  takes  place.  This 
corrosion  behaviour  appears  to  be  influenced  by  inhomo¬ 
geneous  microstructures,  such  as  complex  phases  and  voids, 
as  well  as  by  a  decrease  in  aluminium  concentration  across 
the  coating  layer  because  of  the  interdiffusion  of  aluminium 
and  iron.  In  the  immersion  test,  Al-Fe  coated  specimens 
which  contain  aluminium  from  8  to  25  at.%  and  bulk  Fe- 
23.9  Al  (at.%)  alloy  formed  predominantly  LiFe02  scales, 
and  corrode  with  a  large  weight  gain,  while  the  Al-36  Fe 
coating  develops  external  LiA102  scales.  Immersion  test 
results  indicate  that  the  critical  aluminium  level  required  for 
formation  of  a  protective  LiA102  layer  in  a  Li/K  carbonate 
melt  at  650  °C  lies  between  25  and  36  at.%. 
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